This study investigates the impacts on typhoon track forecasting by the fifth-generation Pennsylvania State University-National Center for Atmospheric Research Mesoscale Model (MM5) and its three-dimensional variational data assimilation (3DVAR) system of assimilating dropwindsonde observational data acquired from different sites. All of the sonde data were obtained between 2004 and 2009 in the typhoon surveillance program Dropwindsonde Observations for Typhoon Surveillance near the Taiwan Region (DOTSTAR). Experiments were conducted to test the model's response to five scenarios involving differing dropwindsonde data inputs: 1) no dropwindsonde data, 2) all available dropwindsonde data, 3) data gathered in sensitive regions identified by the conditional nonlinear optimal perturbation (CNOP) approach, 4) data gathered in sensitive regions identified by the first singular vector (FSV) approach, and 5) several sondes selected at random. The results show that using dropwindsonde data based on CNOP sensitivity can lead to improvements in typhoon track forecasting similar to, and occasionally better than, those achieved by assimilating all of the available data. Both approaches offered greater benefits than the other three alternatives averagely. It is proposed that CNOP provides a suitable approach to determining sensitive regions during adaptive observation of typhoons. Similar results may be obtained if the sensitivity products developed using MM5 are employed in the Weather Research and Forecasting Model (WRF), suggesting that it is applicable to utilize sensitivity produced by MM5 in WRF.
Introduction
The need to increase data acquisition over data-sparse tropical oceans to improve tropical cyclone (TC) analysis and forecasting has long been recognized (Riehl et al. 1956 ). Increasing attention has been paid to the use of adaptive observations as an effective method of collecting this additional observational data (Aberson 2003 (Aberson , 2011 Reynolds 2005, 2006; Wu et al. 2007a Wu et al. , 2009 Kim and Jung 2009a,b; Weissmann et al. 2011) . When compared with the huge economic and human losses associated with TCs, the costs associated with dropwindsondes data collection are relatively small. In addition, this approach brings significant improvements in the accuracy of storm-track forecasting. During the first 10 years of surveillance (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , 175 adaptive observation missions were conducted (Aberson 2010) , leading to a 10%-15% improvement in the 12-60-h typhoon track forecasts from the National Oceanic and Atmospheric Administration (NOAA) Global Forecast System (GFS).
Numerous researchers have described results from The Observing System Research and Predictability Experiment (THORPEX) Pacific Asian Regional Campaign (T-PARC; Wu et al. 2005 Wu et al. , 2007b Elsberry and Harr 2008; Harnisch and Weissmann 2010; Aberson 2011; Chou et al. 2011) , and especially from the typhoon surveillance program Dropwindsonde Observations for Typhoon Surveillance near the Taiwan Region (DOTSTAR), which began in 2003. Chou et al. (2011) investigated the impact of dropwindsonde data on typhoon track forecasts in DOTSTAR (2003-09) project. Two operational global models from the National Centers for Environmental Prediction (NCEP) and the European Centre for Medium-Range Weather Forecasts (ECMWF) were used to evaluate the impact of dropwindsonde data. Using the NCEP system, the assimilation of dropwindsonde data leads to improvements in 1-5-day track forecasts in about 60% of the cases. Overall, the mean 1-5-day TC track forecast error was reduced by between 10% and 20% for both the DOTSTAR and T-PARC cases tested using the NCEP model. The ECMWF model was less effective, possibly because of the more extensive use of satellite data and more complex data assimilation techniques used in the ECMWF model that led to an improved performance even without dropwindsonde data.
China became a member of the THORPEX program in 2005, and considerable progress in adaptive observations has been made since then Wang and Tan 2009; Wang et al. 2011; Zhou and Mu 2011) . Research has focused on the utilization of the conditional nonlinear optimal perturbation (CNOP) approach to the adaptive observation of typhoons and heavy rain that was proposed by Mu et al. (2003) and Mu and Zhang (2006) . Using observing system simulation experiments (OSSEs), Qin and Mu (2012) investigated the influence of CNOP sensitivity on typhoon track forecasts. Six of the seven cases in their study showed an improvement in typhoon track forecasts, with the degree of improvement being between 13% and 46% in the CNOP sensitive regions, and between 14% and 25% in the five leading singular vector (SV) sensitive regions. Furthermore, track forecasts that incorporated dropwindsonde data showed improved performance, not only during the optimization period for these six cases (24-48 h) when CNOP and SVs sensitivities were calculated, but also for longer forecast times of 48-72 h. Their results showed that, overall, the deployment of dropwindsondes in sensitive regions identified by CNOP has a positive influence on typhoon track forecasts, suggesting in turn that CNOP can be utilized as an adaptive method in determining sensitive regions for adaptive observations.
The Chinese Academy of Meteorological Sciences ) staged a series of field experiments in the southern part of China during 2008 and 2009 as part of the South China Heavy Rainfall Experiments (SCHeREX) project. SCHeREX aimed to obtain extensive observational datasets at the meso-b scale, develop a better understanding of the structure and evolution of heavy precipitation systems in south China, explore the establishment of an operational platform for heavy rainfall monitoring and prediction, and improve the accuracy of heavy rainfall monitoring and prediction. The data collected have been used in mesoscale reanalysis, not only to reveal the fine structure of the precipitation systems, but also to provide better initial conditions for mesoscale numerical models to make short-term forecasts. Assimilation of the dropwindsonde data into the study improved the analysis of the tracks and intensities of typhoons Goni and Morakot.
Following Qin and Mu (2012) , this study aims to further evaluate the effects of CNOP sensitivity on typhoon track forecasting using real (rather than simulated) dropwindsonde observational data obtained by DOTSTAR. Dropwindsonde data are incorporated from the sensitive regions identified by CNOP, and the corresponding typhoon track forecast errors are compared with those developed using data from other sites [e.g., sensitive regions identified by the first singular vector (FSV), and randomly selected sites]. An additional question will also be addressed: whether or not the sensitive regions identified by one model could be used in another model. Hence, the sensitivity products calculated by the fifthgeneration Pennsylvania State University-National Center for Atmospheric Research Mesoscale Model (MM5) are input into the Weather Research and Forecasting Model (WRF) to investigate the effect on the typhoon track forecasts.
The remainder of this paper is organized as follows. Section 2 describes the two adaptive observation methods used in this study: CNOP and FSV. Section 3 presents the model description and experiment approach, and section 4 considers the effect of using DOTSTAR dropwindsonde data on typhoon track forecasts and the use of sensitivity products from MM5 in WRF. Finally, the discussion and conclusions are presented in section 5.
Adaptive observing techniques
The same adaptive observing techniques as in Qin and Mu (2011) , CNOP and the FSV, are used in this study. A brief introduction is displayed in this section.
a. Conditional nonlinear optimal perturbation
Consider a nonlinear model M acting on a state vector, such that X t 5 M(X 0 ), where the subscript refers to the integration time. Let dX 0 and dX t represent the initial and final perturbation states, respectively, such that X t 1 dX t 5 M(X 0 1 dX 0 ). For a chosen norm kÁk, an initial perturbation dX 0 * of dX 0 is called the CNOP if, and only if,
where P is the local projection operator, which ensures that the cost function is only computed in the verification region, and kdX 0 k # b is the initial constraint defined by the chosen norm kÁk, which could reflect some physical laws that the initial perturbation should satisfy. The norm kÁk also measures the evolution of the perturbations in this study, which can be expressed as s , which are the perturbed zonal and meridional wind components, temperature, and surface pressure, respectively. The integration extends over the full domain D and the vertical direction s. The specific humidity does not appear either in the cost function or in the initial perturbation in this study, but the moisture equation is included in the model.
CNOP has been utilized in many research domains, such as the predictability of ENSO (Duan et al. 2004 Mu et al. 2007; Duan and Luo 2010; Yu et al. 2009 Yu et al. , 2012 Duan and Wei 2013) , thermohaline circulation (Mu et al. 2004; Sun et al. 2005) , blocking events (Jiang and Wang 2010; Jiang et al. 2011; Mu and Jiang 2011) , cold vortex (Jiang and Wang 2011) , and adaptive observations on heavy rains and typhoons Wang and Tan 2009; Chen 2011; Chen and Mu 2012; Zhou and Mu 2012a,b; Qin and Mu 2011, 2012) .
b. The first singular vector
If the initial perturbation dX 0 is sufficiently small and the integration time is moderate, the forward nonlinear propagator M can be substituted by the tangent propagator L, and the evolution of dX 0 at time t can be approximately expressed as dX t 5 L(dX 0 ). The first singular vector (FSV) is obtained by solving the following optimization problem:
Thus, both the CNOP and FSV can be obtained using the same optimization algorithm.
Model and experimental approach a. Model description
In this paper, a component of MM5 (Dudhia 1993 ) is used that includes the nonlinear MM5, the tangent linear model (TLM), the corresponding adjoint model (Zou et al. 1997) , and the three-dimensional variational data assimilation (3DVAR) assimilation system. The initial and boundary conditions were taken from the NCEP GFS global reanalysis (18 3 18), and were interpolated onto the MM5 grid points. The horizontal area covers a 55 3 55 square lattice that has a resolution of 60 km. The vertical range was divided into 23 sigma levels, with the uppermost pressure level at 100 hPa.
The optimization algorithm used to obtain the CNOP and FSV in this study was the spectral projected gradient 2 (SPG2; Birgin et al. 2001) , which calculates the minimum of a function of several variables subjected to box or ball constraints. To obtain the minimum of the above cost function, a minus sign was added in front of (2.1) and (2.3), and various initial perturbations (first guesses) were used to calculate the minimum of the cost function with the same initial constraint kdX 0 k # b and basic state. The optimization time interval was 24 h. When all of the minima converged to one point, the corresponding initial perturbations were regarded as the CNOP.
b. Experimental approach
To examine the influence of CNOP sensitivity on typhoon forecasts, observing system experiments (OSEs) were performed. The observational data from 20 typhoons, provided by the Joint Typhoon Warning Center (JTWC), are deemed the truth.
First, the sensitive regions identified by the CNOP and FSV approaches were calculated for each typhoon using the MM5. Grids with large total dry perturbation energy were used to define the sensitive regions. Second, five sets of experiments were conducted for each individual typhoon. Experiment 1 (EXP 1) was the control run that simulated the 36-h typhoon prediction using the NCEP reanalysis data, while experiments 2-5 (EXP 2-5) assimilated dropwindsonde observational data gathered from different sites in DOTSTAR at the initial time (0 h). EXP 2 assimilated all sonde data from each typhoon, but only the observational data from sensitive regions identified by CNOP (FSV) were used for EXP 3 (EXP 4). Finally, approximately the same number of dropwindsondes as used in EXP 3 and 4 was randomly selected, this time taking no account of the sensitive regions, to provide the data for EXP 5.
It should be pointed out that the DOTSTAR observations were carried out before these experiments (i.e., CNOP and FSV sensitivities were not specifically AUGUST 2013 C H E N E T A L .
considered before the field campaigns were conducted). Hence, the sonde data used in EXP 3 and EXP 4 were not gathered in sensitive regions explicitly identified by CNOP and FSV, but were the closest possible approximation to these regions. Prates et al. (2009) reported on the observational data targeting system operated by the ECMWF. To determine whether a more accurate definition of the initial state of the atmosphere improves the quality of the forecast over a verification region for a particular event, the ECMWF, the Met Office, and M et eo-France identified the sensitive regions using their own model. This study aims to assess whether the sensitive regions identified by MM5 are available in another model; consequently, all of the above experiments were repeated using WRF to examine the impacts on TC track forecasts.
Results
Results from two typhoons was exampled to show the errors associated with the storm-track forecasts in the five experimental scenarios outlined above, first for MM5, and then for WRF; a statistical analysis of the results was then completed. Figure 1a shows the track of Typhoon Nida observed by the JTWC, and practical dropping sites at 1200 UTC 17 May 2004 (initial time). A total of 15 dropwindsondes were deployed, and were evenly distributed around the storm center at the initial time. The distance between neighboring dropwindsondes was about 100-150 km. The sensitive regions identified by CNOP and FSV are shown in Figs. 1b,c, respectively. Based on the total dry perturbation energy (shaded), the CNOP sensitivity displayed as spiral structure around the typhoon center, while the FSV sensitivity was separated into two parts: one was 58E away from the TC, and the other was in the southwest.
a. Typhoon Nida
The midlatitude trough and the northwest Pacific high were the two main regimes controlling background atmospheric conditions (Fig. 1d) . Typhoon Nida was inlaid in the west boundary of the subtropical high. Considering the sensitivities of both CNOP and the FSV, we can find that the inflow from the southwest was identified as sensitive regions in both sensitivities. And the difference between these two sensitivities is as follows: in CNOP sensitivity, the interaction boundary region between subtropical high and typhoon itself, and the region in front of the midlatitude trough seemed more important to the following movement of Typhoon Nida. However, the region eastward close to the subtropical high was identified by the FSV as the most important.
According to the distribution of the drop sites, four sondes [denoted by the star (*) in Fig. 1b ] that were close to the CNOP sensitivity were selected to provide the adaptive observations in sensitive regions identified by CNOP. Similarly, an additional four sondes [denoted by the star (*) in Fig. 1c ] were selected to provide data from the FSV sensitive region. Meanwhile, we chose a same amount of dropwindsondes, but with different locations with those in sensitive regions to represent the random case without sensitivity (7-10 in Fig. 1a) . Four sets of analyses at the initial time were obtained by assimilating data from the dropwindsondes described above, and the differences between the corresponding analysis and that in EXP 1 are shown in Figs. 2a-d . When all dropwindsonde data were assimilated, the temperature differences (shaded; same as below) form an ellipse centered on the typhoon's position at the initial time, while the main horizontal wind differences (vector; same as below) are distributed in two areas: one north of Luzon, the other at the eastern border of the verification region (Fig. 2a) . Using the data from the dropwindsondes deployed in the sensitive regions identified by CNOP, the temperature differences were mostly within the verification region and of a smaller order; horizontal wind differences were concentrated at the western border of the verification region (Fig. 2b) . Differences in temperature and wind associated with data from the FSV sensitive region were both focused on the southwest corner of the verification region. Differences derived from the randomly selected sonde data (Fig. 2d) were similar to those in Fig. 2a , but smaller. It is obvious that assimilating dropwindsonde observational data from different locations leads to different analytical outcomes, which in turn explains the forecast variations compared with EXP 1. For Typhoon Nida, assimilating all of the dropwindsonde data caused the largest variations.
Over the next 24 h, simulated typhoon central locations (denoted by the lowest sea surface pressure) from EXP 2-5 are shown in Figs. 3a-d , as well as the observational (4) and simulated (intersection of perpendicular dotted lines) centers from EXP 1. The simulated typhoon center from EXP 1 was northwest of the observed center, indicating that Nida moved to the northwest faster than in reality. Assimilating data from all of the dropwindsondes (EXP 2; Fig. 3a) , and also from the small number of randomly selected sondes (EXP 5; Fig. 3d ), showed no obvious difference in the location of the center from that in EXP 1. The results of EXP 3 (Fig. 3b) show the simulated typhoon center closer to the actual center. However, using the dropwindsonde observational data from the sensitive regions identified by FSV caused the simulated typhoon to move northeastward (Fig. 3c) . These results illustrate that assimilating dropwindsonde data from different sites leads to different simulated typhoon centers over forecast periods of 24 h. The simulated central position in EXP 3 was closest to the observed location, indicating that the forecast was improved by assimilating dropwindsonde data from the sensitive regions identified by CNOP. In addition, for Typhoon Nida, using data from only the four dropwindsondes deployed in the CNOP sensitivity generated a more accurate forecast of the storm's track than using all of the available data. During this 24-h evolution, Typhoon Nida has a straight northward movement, which can be seen in Figs. 1e,f. The push from the southwest inflow cannot be ignored, which was a continuous force that supporting the typhoon to move northward. The storm itself compressed the west extension of the subtropical high over the Taiwan region gradually, moved along with the west boundary of the subtropical high, and toward the midlatitude trough. It is inferred that the subtropical high played an important role in steering the movement of the storm. Therefore, assimilating dropwindsonde data in both CNOP and the FSV sensitivities had profound improvements on track forecast at this time [see Table 1 (top)]. However, if we did an analysis for another 12 h, we can find that the storm gradually merged in the midlatitude trough (Fig. 1g) , suggesting the following movement would influenced by this midlatitude system. Also, the CNOP sensitivity captured the approaching midlatitude trough, while the FSV did not. Hence, after assimilation of different dropwindsondes, the effects of track forecast at this time were different: there was a profound improvement for CNOP sensitivity, but deterioration for the FSV sensitivity [see Table 1 (top)] .
Based on the sensitive regions identified using MM5, DOTSTAR observational data were assimilated into WRF using the 3DVAR system. Figures 2e-h shows the differences in temperature and horizontal wind at 850 hPa between the analyses based on this DOTSTAR data and that in EXP 1 at the initial time. Generally, the order of the differences in both temperature and horizontal winds are much smaller than those for MM5. The temperature differences in all four figures are located east of Luzon Island, with only a little deviation in the meridional direction. However, the positions of the main horizontal wind differences among the four figures are not similar, suggesting different locations of the typhoon's central position. The simulated typhoon position was northward (eastward or westward) after assimilating the dropwindsonde data from the CNOP sensitivity (the FSV or without sensitivity) in Fig. 2f (Figs. 2g or 2h) .
The forecast central position at 36 h using WRF, as well as the observed central position and that simulated in EXP 1, are shown in Figs. 3e-h. Distances between any two typhoon centers were much less than those generated by MM5 (e.g., in Fig. 3f , the forecast center based on the CNOP data is closer to the observed center). These results for Typhoon Nida suggest that dropping sondes to obtain additional observational data can improve typhoon track forecasts, especially if the sondes are dropped in sensitive regions identified by CNOP.
Track forecast errors at 24 and 36 h from WRF are also displayed in Table 1 (top). Forecast accuracy fell down when data from the random sondes was used, and track forecast errors increased by 23.8% at 24 h. In contrast, using sonde data from the sensitive regions improved the track forecasts. Track forecast errors reduced by 63.6% (8.1%) and 35.0% (7.5%) for the CNOP (FSV) sensitivity at 24 and 36 h, respectively. Increasing the number of dropwindsondes to 15 (EXP 2), reduced track forecast errors by 39.4% and 28.5% at 24 and 36 h, respectively [i.e., an improvement on the results from EXP 4 (FSV), but less accurate than EXP 3 (CNOP)].
These experiments suggest that adaptive observations could have improved storm-track forecasts for Typhoon Nida, although the degree of improvement differed depending upon the approach used. It seems that the effects are not proportional to the number of dropwindsondes used. Using all of the dropwindsonde data did not generate the greatest improvement in the accuracy of the storm-track forecast. Conversely, using data from only four dropwindsondes deployed according to the CNOP sensitivity led to the largest reduction in track forecast errors at 24 and 36 h, regardless of whether MM5 or WRF were used. Moreover, the sensitive regions identified using MM5 are available in WRF. 
b. Typhoon Morakot
The experiments described above were repeated using data from Typhoon Morakot, and the results are summarized below.
Figures 4a and 4b indicate the sensitive regions identified by CNOP and FSV, and the practical sonde dropping sites, for Typhoon Morakot in 2009. The locations of the sensitive regions identified by CNOP and FSV were significantly different. Based on the geopotential height at 500 hPa (Fig. 4c) , the CNOP sensitive area was located northeast of the typhoon's center, on the border between the subtropical high and the storm itself (Fig. 4c) , while the FSV sensitivity was to the southeast, between a tropical turbulence and the storm. According to the practical dropping sites and above sensitivities, observational data from three dropwindsondes [denoted by the star (*)] were assimilated for EXP 3 and EXP 4.
Morakot displayed a westward movement during the following 36 h (see Figs. 4c-f) , which was just below the west extension of the subtropical high, indicating that the steering flow at the border between the subtropical high and the storm itself was prominent. And CNOP sensitivity was just around this location, suggesting that CNOP captured the main synoptic system affecting the future motion of the typhoon. This result can also be seen in Table 1 (bottom). Track forecast errors were reduced by 4.4% if the additional observational data obtained by three dropwindsondes, positioned by CNOP sensitivity, were incorporated. As time progressed to 36 h, the turbulence in the tropic developed into a circuit vortex, and moved toward Typhoon Morakot quickly. The combined action of both the subtropical high in the north and tropical vortex from the southeast quadrant caused the westward movement of Morakot to speed up. The influences were characterized by either CNOP or the FSV sensitivity, which both reduced track forecast errors at about 26.4% comparing with no dropwindsonde data at 36 h. The corresponding track forecast errors derived from applying the sensitive regions identified by MM5 to WRF for Typhoon Morakot are also shown in Table 1 (bottom). Assimilating dropwindsonde data according to FSV sensitivity led to the most significant improvements, and this differs from the results obtained from MM5.
c. Overview of all 20 typhoons
To statistically evaluate the influence of assimilating dropwindsonde observational data from different sites, results from the 20 typhoons were analyzed. Figure 5 shows the ratios of track forecast errors from EXP 2-5 to those from EXP 1 at 24 and 36 h using MM5 for all 20 typhoons. Most of the ratios are above zero, indicating that adaptive observational data obtained from dropwindsondes can improve typhoon track forecasts. The average results for MM5 show that track forecast errors were reduced by 4.8% (4.3%) at 24 (36) h if all dropwindsonde data were used, which was the most significant improvement among all four experiments (EXP 2-5), except for CNOP at 36 h. Assimilating observational data from several sondes deployed in sensitive regions identified by CNOP reduced the typhoon track forecast errors by 4.3% (4.9%) at 24 h (36 h). The corresponding reduction in errors based on the FSV sensitive areas (EXP 4), and the random deployment of sondes (EXP 5), was 3.8% (1.7%) and 2.5% (1.2%), respectively, at 24 h (36 h). Consequently, dropping sondes at different sites leads to different degrees of improvement, and, on average, the impact of dropwindsonde data on 36-h forecasts is less than that for 24-h forecasts. Although using all of the dropwindsonde data led to the greatest improvement in the typhoon track forecasts in most cases, using data from only three or four dropwindsondes deployed according to CNOP sensitivity gave a comparable improvement on the accuracy of the forecasts, and if this result is more widely applicable it could save considerable economic and human benefits. These findings also imply that CNOP represent a useful approach to determining sensitive regions for adaptive observations. Overall, similar results were gained from WRF (figures not shown), except that the FSV results were better than those for MM5. This indicates that sensitive regions identified by MM5 can also be utilized in WRF. Table 2 lists the cases where the reduction in the typhoon track forecast error was more than 10% for EXP 2-5. For MM5, track forecast errors were reduced by more than 10% in half of the 20 cases when all of the available dropwindsonde data were utilized, which was more than that achieved by the use of CNOP/FSV sensitive area or without sensitivity. In cases where the forecast time was extended to 36 h, improvements of more than 10% occurred a similar number of times in each of the four experiments, with EXP 3 (CNOP) being the most successful. Based on these results, dropping sondes according to CNOP sensitivity appears to offer the greatest potential for improving typhoon track forecasting.
To primarily investigate why assimilating the data within the CNOP sensitivity area can improve the track forecast, we plotted the geopotential height at 500-and 850-300-hPa deep layer mean (DLM) wind of the background to identify what characteristics of CNOP and the FSV sensitivity were captured for each individual typhoon case. We found that, for 14 of the 20 cases in this study, the subtropical high played an important role in the following movement of storms (no matter for one entire subtropical high over the western North Pacific, or separated into two subtropical highs over eastern China and the western North Pacific, respectively). Figures 6a and 6b show the storm-centered composite for these 14 cases. The subtropical high was really strong over the model region, and the most sensitive regions identified by CNOP captured the steering flow at the border between the subtropical high and storms themselves (Fig. 6a) . Relatively, the most FSV sensitivity reflected two different regions that would affect the following motion of the storms (Fig. 6b) . One was associated with the steering flow of the subtropical high (6 of 14 typhoons are in this case), and the other located the inflow from southwest (also 6 of 14 typhoons are in this case). For the other 2 of 14 cases, the FSV indicated the impacts from an approaching vortex from southeast. That is to say, for the 14 cases those mainly affected by the subtropical high, CNOP sensitivity can identify this characteristic well, while the FSV sensitivity is not unified: some deemed that the subtropical high was important, but others did not.
In contrast, the situation in the other six cases is different. Storm-centered composites of these six cases are displayed in Figs. 6c,d . Obviously, the storm itself, instead of the subtropical high, was the dominant atmospheric regime over the model region. This is also embodied by the concentrated sensitivities around the storm center [in 3 (2) cases of CNOP (FSV) sensitivity]. Additionally, the interaction between some local regimes and the storm was identified as the CNOP (FSV) sensitive regions in 3 (4) cases. However, the signal of these local regimes was smoothed by the composite. Shortly, both sensitivities did not reflect the steering from the subtropical high in these six cases. Nevertheless, CNOP can generally capture the large-scale synoptic regime influencing the following motion of the storm. However, it does not mean that CNOP is better than the FSV in every case. In some occasions, the FSV performed better than CNOP in our study.
Discussion and conclusions
This study investigates the effects on typhoon track forecasts of incorporating observational data from dropwindsondes deployed from different locations. The dropwindsonde data were provided by DOTSTAR from 20 typhoons that occurred between 2004 and 2009. First, the sensitive regions identified by CNOP and FSV were calculated, and dropwindsonde data from these sensitive regions were then collated. The typhoon track forecast errors generated both with and without dropwindsonde data were compared to assess the influence of the CNOP and FSV sensitivities on typhoon track forecasting. In addition, comparable experiments were conducted that used either all of the dropwindsonde data, or were restricted to just a few randomly selected sondes.
Overall, the results showed that using dropwindsonde observational data has a positive influence on typhoon track forecasting. In general, the application of dropwindsonde data based on CNOP sensitivity was more effective at improving the accuracy of typhoon track forecasts than the use of FSV sensitivity, or using no sensitivity data at all. In addition, using data from only 3 or 4 dropwindsondes deployed in sensitive regions identified by CNOP delivered a comparable improvement to that achieved by assimilating all of the available AUGUST 2013
data (about 14 sondes), and in certain circumstances generated better results. This indicates that dropping sondes according to CNOP sensitivity can reduce typhoon track forecast errors generally, suggesting that, in theory, CNOP can be utilized to determine sensitive regions for adaptive observations, and save unnecessary financial expenditure. In addition, the sensitive regions identified by MM5 were applied to WRF to assess the dependence of sensitivity on the model used, and it was found that typhoon track forecast errors could be reduced if MM5 sensitivity was utilized in WRF, for both CNOP and FSV. Average improvements at the corresponding forecast time was larger than that in MM5. It is inferred that the use of sensitive regions identified by MM5 is not limited to the model itself, but can be adopted in other models.
It is noted that the dropwindsonde data collected by the DOTSTAR were operationally assimilated into the NCEP GFS model. Therefore, the NCEP data used in this study are supposed to contain the dropwindsonde information. To clarify its impacts, the DOTSTAR-denial NCEP GFS data were used as the model's initial and boundary condition for two cases (Nida and Morakot). New sensitivities were calculated based on the new basic states interpolated from the DOTSTAR-denial data to MM5 (Wu et al. 2007b; Chou and Wu 2008; Chou et al. 2011) . They were similar with those using DOTSTAR-included data, except for the FSV sensitivity of Nida. Therefore, different dropwindsonde data were assimilated for Nida, while those for Morakot were the same. The OSE results based on DOTSTAR-denial data indicate that the impacts of different locations of dropwindsondes are in line with those using DOTSTARincluded data, with some difference in the detail figures. That is to say, results from two groups of OSEs are nearly parallel, but the distance between them is case dependent. Hence, the impacts of DOTSTAR-included data on the results are minor, and do not cause great contradiction. Although this is concluded from only two cases, it is probable to provide a clue for general effects.
Adaptive observation for TCs is still an unresolved problem, although track forecast has made great improvements over the past few decades. This study reveals the impacts of assimilating dropwindsonde data deployed at different sites on typhoon track forecasts. However, more field campaigns are needed to statistically evaluate the potential value of the CNOP as a guide to adaptive observations. Further research aimed at improving our understanding of the impacts of dropwindsonde data in the CNOP and FSV sensitive areas is ongoing.
